In humans, mutations in the L1 cell adhesion molecule are associated with a neurological syndrome termed CRASH, which includes corpus callosum agenesis, mental retardation, adducted thumbs, spasticity, and hydrocephalus. A mouse model with a null mutation in the L1 gene (Cohen et al., 1997) was analyzed for brain abnormalities by Nissl and Golgi staining and immunocytochemistry. In the motor, somatosensory, and visual cortex, many pyramidal neurons in layer V exhibited undulating apical dendrites that did not reach layer I. The hippocampus of L1 mutant mice was smaller than normal, with fewer pyramidal and granule cells. The corpus callosum of L1-minus mice was reduced in size because of the failure of many callosal axons to cross the midline. Enlarged ventricles and septal abnormalities were also features of the mutant mouse brain. Immunoperoxidase staining showed that L1 was abundant in developing neurons at embryonic day 18 (E18) in wild-type cerebral cortex, hippocampus, and corpus callosum and then declined to low levels with maturation. In the E18 cortex, L1 colocalized with microtubule-associated protein 2, a marker of dendrites and somata. These new findings suggest new roles for L1 in the mechanism of cortical dendrite differentiation, as well as in guidance of callosal axons and regulation of hippocampal development. The phenotype of the L1 mutant mouse indicates that it is a potentially valuable model for the human CRASH syndrome.
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L1 is a transmembrane adhesion molecule with extracellular immunoglobulin and fibronection III-like domains (Schachner, 1991) . L1 has been localized to growth cones and processes of postmitotic developing neurons, where it mediates cell adhesion, neurite outgrowth, and axon bundling. Homophilic and heterophilic binding of L1 between cells activates intracellular signal transduction cascades involving tyrosine kinases and phosphatases that are essential for neurite outgrowth in culture (Atashi et al., 1992; Ignelzi et al., 1994; K linz et al., 1995; Saffell et al., 1997) . L1 may also have a role in learning and memory, because antibodies to L1 perturb the induction of long-term potentiation (LTP) in rat hippocampal slices (L üthi et al., 1994) and prevent passive avoidance learning in the chick (Scholey et al., 1993) .
Mutations in the human L1 gene on the X chromosome result in a complex human mental retardation disorder referred to as the CR ASH syndrome . The manifestations of this disease include corpus callosum hypoplasia, mental retardation, adducted thumbs, spastic paraplegia, and hydrocephalus (Wong et al., 1995) . Symptoms vary among affected family members and between families, suggesting the participation of modifier genes. Of the approximately 70 mutations in the human L1 protein, more severe consequences are associated with mutations of the extracellular region, which may disrupt adhesion and signaling, whereas milder symptoms occur with mutations in the cytoplasmic domain, which may alter only signaling (Fransen et al., 1997; Yamasaki et al., 1997 ).
An animal model would help illuminate the normal function of L1 and facilitate progress in defining the molecular basis of CRASH syndrome. Toward this end, L1 knockout mice have been generated in two laboratories by homologous recombination (Cohen et al., 1997; Dahme et al., 1997) . Dr. Philippe Soriano (Fred Hutchinson Cancer Research Center, Seattle, WA) mutated the mouse L1 gene by replacing exons 13 and 14 encoding the sixth immunoglobulin-like domain, resulting in a complete lack of L1 protein or fragments (Cohen et al., 1997) . These L1-minus mice make errors in corticospinal axon guidance (Cohen et al., 1997) , have dilated brain ventricles, and perform poorly in a spatial learning paradigm (Fransen et al., 1998) . A different L1 knockout strain, produced in the Schachner laboratory by insertional mutagenesis of exon 8 (Dahme et al., 1997) , displays a reduced size of the corticospinal tract and decreased axonal association with nonmyelinating Schwann cells. Ventricular enlargement in this L1 knockout strain is highly dependent on the genetic background of the mice, suggesting that modifier genes strongly influence the L1 phenotype (Dahme et al., 1997) . Corpus callosum agenesis, which is common in human patients with L1 mutations, has not yet been reported in L1 knockout mice.
Here we report new findings of abnormal morphogenesis of cortical dendrites and developmental defects in the hippocampus and corpus callosum of an L1 knockout mice strain (Cohen et al., 1997) . These new findings suggest a biological role for L1 in the mechanism of cortical dendrite differentiation, as well as in hippocampal development and callosal axon guidance, and underscore the potential for this animal model in the study of the CRASH syndrome.
Histolog y and immunostaining
Nissl staining and Golg i impregnation. Postnatal day 0 (day of birth) and adult (138 -196 d of age) mice were anesthetized with 20% urethane (0.1 ml /10 gm) and perf used transcardially with 1% paraformaldehyde, 1.25% glutaraldehyde, 0.13 M Na-phosphate buffer, pH 7.4. Brains were removed and stored at 4°C overnight in the same fixative, followed by storage for 2-3 d at 4°C in 30% sucrose, 0.13 M phosphate buffer. Frozen serial sections were cut at 40 m in the indicated orientation on a Minotome Plus microtome (Triangle Biomedical Sciences) and collected in 30% sucrose, 0.13 M phosphate buffer, pH 7.4. The level of the section was indicated by Bregma distances from the interaural line as defined in Franklin and Paxinos (1997) . Sections were processed for Nissl (Paxinos and Watson, 1986) . For Golgi impregnation, celloidine-embedded brains were cut at 140 m in frontal orientation, and sections were dehydrated in a graded ethanol series followed by xylene, then embedded in C anada balsam. Golgi staining was performed as described (Marin-Padilla, 1987) .
Immunoperoxidase staining. Mouse embryos (8 or 18 d gestational age) were killed by decapitation and fixed without perf usion in 4% paraformaldehyde in Na-phosphate buffer, pH 7.4. Postnatal day 33 and adult mice were anesthetized with 20% urethane and perf used transcardially with 4% paraformaldehyde, 0.13 M Na-phosphate buffer, pH 7.4. Brains were stored at 4°C overnight in fixative, followed by 4°C in 30% sucrose, 0.13 M Na-phosphate buffer for 2-3 d. Frozen sections were cut at 9 m (embryos) or 24 m (postnatal and adult), blocked in 10% normal goat serum, 2% BSA, washed in PBS, then incubated with primary antibodies at 4°C overnight. Sections were washed in PBS and incubated with secondary antibodies for 2 hr at room temperature. The remaining steps of immunocytochemistry were performed by the avidin -biotinylated peroxidase method using a Vectastain K it according to manufacturer's protocol (Vector Laboratories, Burlingame, CA) as described previously (Sorge et al., 1984) . Sections were counterstained with toluidine blue and photographed under bright-field illumination. The following primary antibodies were used for immunostaining: rabbit polyclonal antibody 6096 directed against human brain L1 protein [the gift of John Hemperly, Becton Dickinson Technologies, Mountain View, CA (1.4 g /ml final concentration)], rat monoclonal antibody 324 against L1 (Boehringer Mannheim, Indianapolis, I N), rabbit polyclonal antibody against glial fibrillary acid protein (GFAP; Dako, C arpinteria, CA), and mouse monoclonal antibody SML -99 against myelin basic protein (Sternberger Monoclonal).
Double immunofluorescence staining and confocal microscopy. Wildtype mouse brains [embryonic day 18 (E18)] were fixed as described above, and frozen sections were cut at 10 m. Sections were permeablized with 0.5% Triton X-100 for 5 min, then washed in PBS, 0.1% bovine serum albumin (PBS-BSA). Sections were incubated with a mouse monoclonal antibody against microtubule-associated protein 2 (M AP2), a neuron-specific marker localizing to dendrites and cell bodies (Amersham, Arlington Heights, IL; 1/1000; specific for M AP2a and M AP2b), together with rabbit polyclonal antibody 6096 against L1 (1.4 g /ml). Normal mouse IgG and normal rabbit IgG were used at the same concentrations as controls. After they were washed in PBS-BSA, sections were incubated with rhodamine-conjugated goat anti-mouse IgG (1/200) and fluorescein-conjugated goat anti-rabbit IgG (1/100) for 1 hr. Sections were washed in PBS-BSA and mounted in Vectashield for microscopy. Confocal and differential interference contrast microscopy was performed at the University of North C arolina Microscopy Services Laboratory (Dr. Robert Bagnell, Director). Color overlay images were made using Adobe Photoshop and The Image Processing Tool K it (version 2.5; John and Chris Russ; http://members.aol.com / ImagProcTK).
Measurements of cerebral cortex, commissures, and hippocampus
Cerebral corte x . Serial 40 m frontal sections (17-76 sections/mouse) spanning the indicated cortical region were subjected to Nissl staining. The width of the cerebral cortical area from the pial surface to white matter was measured at five to nine sites in each section using a measuring reticle in the eyepiece of a Z eiss research microscope, and results were averaged. The mean width of the cortical region per mouse and mean width of the cortical region in the population of mice were calculated with SEs.
Corpus callosum and other commissures. Serial frontal sections spanning the entire corpus callosum of wild-type and L1-minus mice were subjected to Nissl staining and examined microscopically for the presence of the corpus callosum. The rostrocaudal length of the corpus callosum was calculated as the product of the number of sections on which the corpus callosum was present multiplied by the thickness of the coronal sections (40 m). The dorsoventral thickness (width) of the corpus callosum was directly measured in the same series of Nissl-stained frontal sections spanning the corpus callosum. The dorsal and ventral borders of the corpus callosum were clearly seen by Nissl staining.
The dorsoventral thickness of anterior and posterior commissures was measured in the same Nissl-stained serial frontal sections using a measuring reticle mounted in the microscope eyepiece. The mediolateral dimension was measured for the anterior commissure in a similar manner. The rostrocaudal length of the anterior and posterior commissures was calculated as the product of the number of sections on which these structures were present multiplied by the thickness of the sections (40 m). Individual and population means and SEs were calculated. Mutant and control groups were compared for significant differences in means using one-or two-tailed versions of the t test.
Hippocampus. The number of neurons and glia in the pyramidal and granular layers was determined from cell counts in frontal sections as described by Braitenburg and Schüz (1983) . Serial frontal sections spanning the hippocampus (approximately 50 sections per mouse) were subjected to Nissl staining. First, the number of pyramidal, granule, or glial cells in a test unit of volume (100 ϫ 250 ϫ 40 m 3 ) within the pyramidal or granular layer was determined for each section from cell counts using a micrometer inserted in the eyepiece of the microscope. The mean cell number in the test volume for all sections was then calculated. Neurons were distinguished from glia by morphological criteria and Nissl staining pattern. The total number ( N) of neurons or glia in the pyramidal or granular layer (one hemisphere) was determined from the mean number of cells (n) per test volume (t) multiplied by the volume ( V) of the layer: n ϭ (n/t) V.
To determine the volume ( V) of the pyramidal or granular layer, serial frontal sections (approximately 50 per mouse) were analyzed after Nissl staining. "Test widths" of a given layer were measured using the measuring reticle at five to nine sites within each section, and results were averaged to produce a mean width (in micrometers) in each section. The mediotemporal length (in micrometers) of the layer was determined in each section by summing many short straight lengths across the curved layer. Next, a test volume (v) of the layer in each section was calculated as a product [v ϭ mean width of layer ϫ mean length of layer ϫ section thickness (40 m)]. The total volume of the layer ( V) was calculated by summing the test volumes of each section
These estimates were in error to the extent that the sum of linear measurements used to evaluate the length of the layer in a section deviated from the curvilinear dimension, and to the extent that the test volume of the layers in each section deviated from that of a rectangular prism. Additionally, the section thickness was not measured but was assumed to be 40 m based on the microtome setting. Any cells displaced from the cell body layers were not included in the cell counts. Despite these limitations the same criteria were applied to mutant and wild-type animals, so that differences in means were directly comparable.
Quantitation of degree of linearity of apical dendrites of pyramidal neurons
Apical dendrites of layer V pyramidal neurons in the visual cortex of three L1-minus and three wild-type adult mice were analyzed in frontal sections after Golgi impregnation. Apical dendrites were traced on the computer screen, and their curvilinear lengths were measured by computer-assisted image analysis using the program Scion Image 1.62a at the University of North C arolina Microscopy Services Laboratory. A linearity index ( L) was defined as the curvilinear distance (in micrometers) of the region of the apical dendrite measured, divided by the linear distance between the ends of the region of dendrite measured. More than 50 apical dendrites were measured for each genotype. Mean linearity indices and SEs were computed, and differences were analyzed by a two-tailed t test.
Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end-labeling assay
Brains of mice at postnatal days 0 and 10 were subjected to cryostat sectioning at 10 m in the frontal plane. To detect apoptotic DNA fragmentation, a TUN EL [terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labeling] kit was used (ApoTag, Intergen, Purchase, N Y). In brief, after blocking of endogenous peroxidase, sections were incubated at 37°C for 1 hr in reaction mixture containing terminal transferase, digoxigenin-dUTP, and dATP or PBS in controls. Sections were then incubated with peroxidase-conjugated anti-digoxigenin antibody for 30 min at room temperature. After rinsing in PBS, DNA strand breakage was visualized using diaminobenzidine. Nonapoptotic nuclei were counterstained with hematoxylin. The following levels of the brain were analyzed: (1) the rostral dentate gyrus where the suprapyramidal blade is not connected to the infrapyramidal blade, (2) the middle dentate gyrus where the suprapyramidal and infrapyramidal blades are joined and the dentate gyrus is oriented horizontally, (3) the temporal dentate gyrus where the suprapyramidal and infrapyramidal blades are joined and the dentate gyrus is oriented obliquely, (4) the pyramidal layer of the hippocampus, and (5) the septum. Images were captured with a Nikon F X A microscope and Optronics TEC -470 CCD Video C amera System using an Apple Macintosh 840AV computer with a Scion LG-3 capture card. TUN EL -positive cells were scored within areas measured from computer images using the public domain N IH Image software. The accuracy of the cell counting method was established by comparison of counts of TUN EL -labeled cells per unit area made in the microscope and from computer images. For each level of the dentate gyrus, four frontal sections were scored for TUN EL -positive cells, and the area of the region scored was measured from computer images. For the pyramidal layer and septum, 12 sections each were analyzed similarly. For each section the number of TUN ELpositive cells per 10 6 m 2 was determined, and results were averaged for each mouse. The mean number of TUN EL -positive cells per 10 6 m 2 was calculated for each population of mice examined, and SEs were determined. Means were compared for statistical differences by a twotailed t test at p Ͻ 0.05.
RESULTS

Enlarged ventricles and septal defects in L1 mutant mice
Serial frontal sections of the brains of adult L1-minus male mice were compared histologically with those of wild-type adult males by Nissl staining ( Fig. 1 A,B) . In all mutant mice (six of six) there was an obvious enlargement in the ventricular system of the brain, with some variation among individuals in the region of dilation.
Significant dilation was observed in the lateral ventricles of five of six mutant mice from approximately Bregma ϩ1.78 mm (Franklin and Paxinos, 1997) to caudal parts of the brain ( Fig. 1 B 
, LV).
There was little individual variation in the Bregma coordinates of the lateral ventricles among the L1-minus mice. The dorsal third ventricle was dilated in five of six L1-minus mice and was moved in the rostral direction (from Bregma ϩ1.34 mm to ϩ1.18 mm). The ventral region of the third ventricle was enlarged in only one mouse not showing a dilation of the dorsal third ventricle. The aqueduct (Sylvius) connecting the third and fourth ventricles was dilated in all L1-minus mice. The fourth ventricle was slightly enlarged in two of six mutant mice (data not shown). In contrast to humans with CRASH symptoms, massive hydrocephalus was not apparent in any of the mutant mice. Another prominent malformation found in the L1-minus brain occurred in the septum. Septal nuclei are the source of cholinergic and GABAergic afferents that modulate hippocampal interneuron and pyramidal cell activity (Freund and Antal, 1988) , and they provide a minor input to dentate granule cells (Mosko et al., 1973) . In L1-minus mice the septal nuclei appeared smaller and split at the medial line seen at the level of the enlarged dorsal third ventricle (Fig. 1 Ba, Bb) . This midline separation corresponded only to sites of enlargement of the dorsal third ventricle and may be a consequence of its dilation. The cerebral hemispheres of L1 mutant mice were displaced laterally in the middle region of the brain enlarging the longitudinal fissure on the ventral surface ( Fig. 1 Bd,Be). The hippocampus of L1 mutant mice was observed to be displaced laterally from the midline [ Fig. 1 , compare Ad,Ae (wild type), Bd,Be (L1-minus)]. The hippocampus and superior colliculus were shifted to a slightly more rostral position (Fig. 1 Bc) , apparently by a small distortion of the ventral relative to the dorsal region of the mutant brain. The superior colliculus was distinquished from the thalamus by labeling with the lipophilic dye DiI and appeared enlarged. A DiI crystal placed into the presumptive superior colliculus of the fixed brain of an L1-minus mouse produced labeling of axons of the optic tract and of some axon bundles that reached the lateral geniculate body (data not shown). The L1-minus brain appeared anatomically normal in regard to the thalamus, basal ganglia, and internal capsule. The cerebellum was generally normal and all cell layers were present, but slight hypoplasticity was noted in the vermis, in agreement with the study of Fransen et al. (1998) . The retina exhibited normal cytoarchitecture by hematoxylin and eosin staining, with all nuclear and plexiform layers in the proper orientation and of generally normal size (data not shown). However, one or both eyes of the mutant mice were often partially closed and had a discharge that worsened with maturation of the mice. It is not known whether the L1 mutant mice had visual defects.
Dysgenesis of the corpus callosum
Examination of the corpus callosum in serial Nissl-stained sections showed that in six of six L1-minus mice the corpus callosum failed to form properly. Although there was some variation in the extent of the pathology, in most (five of six) of the L1-minus mice the corpus callosum formed only a small commissure in the medial region of the brain (Bregma 0.38 mm) but was not present in the more caudal (Fig. 1 B) or rostral sections (data not shown). In one mouse no corpus callosum formed at all. Measurement of the corpus callosum of six L1-minus and nine wild-type mice revealed that the mean rostrocaudal length of the callosum of mutant mice was reduced by 81% compared with wild-type mice (Table 1) . The mean dorsoventral thickness of the L1-minus corpus callosum was approximately half that of wild type (Table  1 ). The differences in mean values were statistically significant by the two-tailed t test ( p Յ 0.008). When the single mouse with no corpus callosum was omitted from the analysis, the mean length (487 m Ϯ 137) and dorsoventral thickness (132 m Ϯ 21) of the L1-minus corpus callosum were still significantly different from the wild-type dimensions. The mean body weights of mutant and wild-type mice were similar (Table 1 ). In most of the mutant mice, callosal axons appeared to grow from the periphery of the brain toward the midline, but instead of crossing the midline they formed large ipsilateral whorls of callosal axons known as Probst bundles ( Fig. 1 Ba-Bc, Pb). These bundles stained positively for myelin basic proteins and glial fibrillary acid protein (see Fig.  4 K,L). The presence of Probst bundles suggested that the initial cortical growth of at least some callosal axons that occurs on radial glia (Norris and Kalil, 1991) did not rely critically on L1.
It is apparent that it would be impossible for axons to cross in the caudal regions where the two cortices are not joined (Fig. 1, compare Ad, Bd) . Thus the failure of callosal axons in this region to cross the midline may be the result of a physical barrier arising from L1-associated defects in closing of the longitudinal fissure Figure 1 . Nissl-stained sections of brains of wild-type ( A) and L1-minus ( B) mice showing anatomical differences in the ventricles, corpus callosum, septum, and hippocampus. Serial frontal sections in rostral to caudal direction (a-h) were stained by the Nissl technique. Wild-type and mutation sections (a-h; Bregma 0.50 -4.16 mm, wild type) are from corresponding anatomical levels. Scale bar, 2500 m. Insert in C shows corresponding anatomical levels from postnatal day 0 mice. No corpus callosum is apparent at this stage in wild-type ( Fig. 1 A, insert in c) or L1-minus mice ( Fig. 1 B, insert in c) . Scale bar, 1000 m. ac, Anterior commissure; Aq, aqueduct of Sylvius; cc, corpus callosum; CP u, caudate putamen; D3V, dorsal third ventricle; f, fornix; fi, fimbria; LV, lateral ventricle; sn, septal nuclei; 3V, third ventricle; th, thalamus; HC, hippocampus; SC, superior colliculus; Pb, Probst bundle; pc, posterior commissure. (Figure continues.) and perhaps the enlargement of the superior colliculus. However, defective axon crossing near the rostral end of the hippocampus (Fig. 1 Ba-Bc) was not likely caused by a physical barrier, because the two hemispheres of L1-minus mice in this region were joined in adults. Furthermore, this region did not appear to be separated at earlier stages of development, because at postnatal day 0, when there is no significant axon crossing in this region in wild-type mice ( Fig. 1 A, insert in c) , the cortices of L1 mutant mice were joined ( Fig. 1 B, insert in c) .
Callosal agenesis, commonly present in patients with CRASH syndrome, was not observed by Cohen et al. (1997) . They reported the presence of corpus callosal fibers crossing the midline in L1-minus mice but did not make comparative measurements. Corpus callosal dysgenesis in mice is a multigenic defect; thus differences in phenotype can be caused by the contribution of genetic modifiers. The mice studied here were maintained on the original 129/SvJae background, whereas those of Cohen et al. (1997) were crossed onto a different substrain (129/SvEv) (Dr. A. Furley, personal communication) that differs at other loci (Simpson et al., 1997) . Other major commissural pathways were not obviously affected by the L1 mutation. The anterior and posterior commissures of L1-minus mice were not significantly smaller than wild-type controls in the rostrocaudal or dorsoventral dimensions (Table 1 ; Fig. 1, ac, pc) . There was also no difference in the mean mediolateral dimension of the anterior commissure of L1-minus mice (324 m Ϯ 14) compared with wild-type mice (301 m Ϯ 16). The anterior commissure did appear to be moved ventrally relative to its normal location, possibly a result of the increased size of the lateral ventricles. We do not know whether the hippocampal commissure formed normally in L1-minus mice because axons comprising this small commissure could not be distinquished by Nissl staining from callosal axons with which they intermingle (Liv y and Wahlsten, 1997 ). An intact optic nerve and chiasm were present in adult L1 mutant mice and appeared normal (data not shown). DiI-labeling studies in the same strain of L1 knockout mice showed that retinal axons cross the chiasm (Cohen et al., 1997) .
Reduced number of hippocampal cells in L1 mutant mice
Quantitative estimates applied to three L1-minus and four wildtype adult mice revealed ϳ30% fewer pyramidal and granule neurons throughout the pyramidal and granular layers of the L1-minus hippocampus ( Table 2 ). The mean volumes of the pyramidal and granular layers of the mutant hippocampus were correspondingly decreased ( Table 2) . The values for wild-type mice were in accord with values reported by others for the number of pyramidal cells (3 ϫ 10 5 ) and granule cells (7 ϫ 10 5 ) and the volume of the pyramidal layer (0.91 mm 3 ) in a hemisphere of the adult mouse hippocampus (West and Anderson, 1980; Braitenberg and Schüz, 1983) .
The mean number of glia in the pyramidal and granular layers of L1 mutant mice was reduced by 37 and 27%, respectively; however, only the mean number of glia in the pyramidal layer was significantly different from wild type by the t test (Table 2 ). The observed decrease in hippocampal cell number within the pyramidal and granular layers was not a mere reflection of the size of the mice, because the mean body weight of the particular L1-minus mice analyzed was the same or slightly larger than that of the wild-type controls (Table 2 ). Mean body weight was not significantly different in a larger sample of adult L1-minus males (23.0 gm Ϯ 1.8; n ϭ 6) and wild-type 129/SvJae mice (23.4 gm Ϯ 0.8; n ϭ 10) of the same age (138 -206 d). Although L1-minus juveniles are smaller than normal (Cohen et al., 1997; Dahme et al., 1997) , in adulthood they reach Ն80% of the size of normal littermates (Cohen et al., 1997) .
The majority (85%) of granule cells of the dentate gyrus are generated in the first 2 postnatal weeks from the secondary proliferative zone in the hilus (Gould et al., 1991) . At the same time, substantial cell death occurs and exhibits regional variation in the dentate gyrus (Gould et al., 1991) . Analysis of apoptotic cell death of dentate granule cells by TUNEL assays was performed at postnatal days 0 and 10 in wild-type and L1-minus mice. Increased granule cell death was not observed in L1 mutant mice at any region of the dentate gyrus (rostral, middle, and temporal as defined in Materials and Methods) ( Table 3) . These results indicate that loss of L1 did not increase granule cell death during the peak period of neurogenesis. In addition, commissural/associational axons of pyramidal cells and afferents from the septum and entorhinal cortex normally synapse with dentate granule cells during the first 2 postnatal weeks (Loy et al., 1977) . Failure of synaptogenesis attributable to the absence of L1 might result in loss of granule cell survival. However, neither hippocampal pyramidal cells nor septal cells of L1-minus mice exhibited increased cell death at postnatal days 0 or 10 (Table 3) . Thus the lack of L1 did not seem to cause cell death in these areas during the major period of synaptogenesis. Nonetheless, L1 might contribute to mechanisms of granule cell birth or death at later stages of development because granule cell neurogenesis, synaptogenesis, and cell death extend from the second postnatal week well into adulthood (Gould et al., 1991) . Golgi staining showed that all types of neurons and interneuronal connections found in the wild-type hippocampus were present in the hippocampus of L1-minus mice (Fig. 2 B) . Most granule and pyramidal cells (Fig. 2 B,C) displayed normal cytoarchitecture; however, near the medial wall of the hippocampus a few pyramidal cells were observed with atypically curved, wavy dendrites (Fig. 2 A) . In addition some granule cells of the dentate gyrus were displaced from their location in the granular layer and had dendrites that were oriented perpendicular to the dendritic arbor of other granule cells (Fig. 2 D,E) . Atypical dendritic morphology and displaced neurons were infrequently seen in L1-minus mice but were never observed in sections from wild-type mice.
Abnormalities in pyramidal cell dendrites in the cerebral cortex
The size and general structure of the cerebral cortex of L1-minus mice were not grossly different from those of wild-type mice. All cortical layers were present. Measurements of cortical size in Nissl-stained sections from equivalent sites showed that the widths of the primary and secondary motor cortex, the somatosensory cortex, and visual cortex of L1 mutant mice did not differ from the wild-type cortical regions (Table 4 ). In addition, the relative distribution and size classes of neuronal cells in the L1-minus cortex seen by differential contrast microscopy (data not shown) revealed no obvious alteration in cortical lamination; thus, unlike the reeler mutation, migration of neuronal precursors on radial glia [which lack L1 (Fushiki and Schachner, 1986) ], and their subsequent displacement by later differentiating neurons to form the inside-out lamination of the cortex, did not seem to be perturbed in L1 knockout mice.
Examination of Golgi preparations revealed that the cerebral cortex of L1 mutant mice contained a significant fraction of pyramidal neurons with abnormal dendritic morphologies in motor, visual, and somatosensory areas. In the motor cortex of wild-type mice, typical pyramidal cells displayed well developed apical dendrites that were straight, reached layer I, and had numerous branches that extended horizontally, as in the case of wild-type mice (Fig. 3A) . Basal dendrites were well formed, with branches of three to four orders. Both apical and basal dendrites were covered with numerous spines. Although L1-minus mice exhibited many typical pyramidal cells in both the primary and secondary motor cortex, a significant fraction of pyramidal neurons failed to display the characteristic upright apical dendrite terminating in layer I (11% of pyramidal neurons in our Golgiimpregnated sections). These pyramidal cells, whose bodies lay primarily in layers II and V of the motor cortex, had laterally directed apical dendrites with respect to layer I (Fig. 3B,C) .
In the visual cortex of the L1-minus mouse, there were many atypical pyramidal neurons whose bodies lay in layers V-VI (62% of Golgi-impregnated neurons). These atypical pyramidal neurons (Fig. 3F-J ) differed from normal pyramidal neurons (Fig.   3E ) in having nonlinear, undulating apical dendrites that were morphologically distinct from the straight apical dendrites of normal pyramidal cells. Pyramidal neurons with undulating apical dendrites were also seen at a high frequency (50% of Golgiimpregnated neurons) in layers V-VI of the somatosensory cortex (Fig. 3L ) and were clearly different from those in the corresponding region of the wild-type cortex (Fig. 3K ) . In some ways the atypically curved apical dendrites of pyramidal neurons in the cortex of L1 mutant mice resembled immature dendrites seen in Golgi preparations of prenatal and early postnatal rats (Wise et al., 1979) . A majority of the apical dendrites of Golgi-stained pyramidal cells of layer V terminated in layer IV ( Fig. 3D ; visual cortex), and only occasionally attained layer I. These dendrites appeared to lack the highly branched apical tufts that form connections with components of layer I. In contrast, many pyramidal cells from layers II and III did display apical tufts (data not shown). Because Golgi impregnation labels only a small proportion of neurons, it was not possible to conclude with certainty that layer V pyramidal cells lacked apical tufts entirely. It is unlikely, however, that the majority of these neurons represented the normal population of callosally projecting pyramidal neurons whose dendrites terminate in layer IV O'Leary, 1992, 1994) , because apical dendrites of wild-type callosal neurons exhibit an upright morphology.
To compare quantitatively the undulation of normal and mutant apical dendrites, a linearity index was calculated by computer-assisted measurement of apical dendrite lengths of layer V pyramidal neurons in Golgi-stained sections of adult visual cortex. The linearity index ( L) was defined as the curvilinear length (in micrometers) of a region of the apical dendrite divided by the linear (radial) distance between the ends of the region of dendrite measured. The mean linearity index (ϮSE) for apical dendrites (n ϭ 52) of pyramidal neurons from three L1-minus mice was 1.23 Ϯ 0.01, whereas that of apical dendrites (n ϭ 67) from three wild-type mice was 1.03 Ϯ 0.002. Means were significantly different when analyzed by the two-tailed t test ( p Ͻ 0.001). Thus the apical dendrites of L1-minus layer V pyramidal neurons deviated significantly in linearity from those of wild-type neurons. These findings suggest that dendritic differentiation depends on a functional L1 molecule during development.
Qualitatively the atypical pyramidal cells in the motor, visual, and somatosensory cortex of the L1 mutant brain showed less branching of the apical dendrite and shorter basal dendrites with fewer branches, but it would be necessary to quantitate these aspects of morphology to ascertain this impression. Neurons in the frontal associative area (Franklin and Paxinos, 1997) of the cortex in the rostral part of the brain were without pathology.
L1 expression is developmentally regulated in the normal mouse brain
Immunocytochemical staining of the brain of fetal (E18) wildtype mice showed that L1 was expressed in regions that were abnormal in the L1 mutant mice (the hippocampus, corpus callosum, and cerebral cortex) (Fig. 4 A) . In addition to the corpus callosum, L1 staining was evident in other fiber tracts, including the internal capsule, fimbria, stria terminalis, and habenulopeduncular tract (Fig. 4 A) . No significant L1 immunoreactivity was seen in ependymal cells lining the lateral ventricles (LV ) or third ventricle (Fig. 4 E, left) at this or later stages of development. No staining was seen in the E18 brain when nonimmune IgG was used as control (Fig. 4 E, left) . In addition, L1 immunoreactivity was not observed in mouse embryos (E9 and E14, somite stage) during early stages of neural tube formation (data not shown).
In the hippocampus at E18, L1 immunoreactivity was evident in the developing pyramidal layer [stratum pyramidale (SP)] of wild-type mice (Fig. 4 B) . By postnatal day 33 (Pd33), L1 immunoreactivity had decreased in the hippocampus but was moderately intense in approximately one-third of the cell bodies located in the stratum pyramidale and granular layer (Gr) of the dentate gyrus (Fig. 4C) . Lower level L1 staining was present in processrich regions: the stratum oriens (SO), stratum radiatum (SR), and stratum moleculare (SM ). No staining was seen in the normal Ig control (Fig. 4 E, middle) . In the adult hippocampus (postnatal day 150), moderate L1 immunoreactivity was seen in the stratum lacunosum moleculare (SL), with low but persistent levels of L1 staining in the process-rich layers (Fig. 4 D) compared with control staining (Fig. 4 E, right) . The general decline in L1 expression during maturation of the hippocampus was in accord with other reports. Persohn and Schachner (1990) described a decline in L1 expression from embryonic stages with little or no staining of neuronal cell bodies and weak staining of axon-rich layers at postnatal day 21, but adult expression was not examined. Miller et al. (1993) reported a pattern of L1 expression in the adult mouse hippocampus similar to ours, with the stratum lacunosum moleculare showing moderate staining and little staining of the pyramidal cell bodies, mossy fiber tract, or hilus.
L1 was prominently expressed in developing neurons of the neocortex at E18, as shown in the visual cortex (Fig. 4 F) . Strong labeling was evident in the marginal zone and in neuronal cell bodies in the intermediate zone, but less was seen in the cortical plate and ventricular zone, in accord with earlier studies (Fushiki and Schachner, 1986; Beasley and Stallcup, 1987; Chung et al., 1991) . L1 expression in the cortex declined with maturation, so that by postnatal day 33 L1 staining was seen primarily in a subset of cell bodies of the developing cortical layers II-V (Fig. 4G ). In the adult visual cortex, f urther reduction in L1 expression occurred in cells of layers II-V (Fig. 4 H) . At higher magnification, L1 immunoreactivity could be seen associated with cells within the cortex (Fig. 4 H, insert at bottom) .
L1 was very evident in the corpus callosum of wild-type mice at E18 (Fig. 4 I) , a stage in which callosal axons in the rodent brain are actively engaged in migration across the midline (Valentino and Jones, 1982; Koester and O'Leary, 1994) . L1 staining declined dramatically in the corpus callosum from E18 to postnatal day 33 (Fig. 4 J) and was not evident in the adult (data not shown). Some reaction product seen in the region of the choroid plexus (Fig. 4 J) did not appear localized to cellular structures at higher magnification. Downregulation of L1 in the corpus callosum on maturation might serve to prevent f urther growth of cortical axons across the midline and may be the consequence of myelination, as suggested for the similar decline in L1 during maturation of the optic and sciatic nerves (Martini and Schachner, 1988; Bartsch et al., 1989) . The Probst bundles of the L1-minus mouse brain were prominently labeled with antibodies against myelin basic protein in accord with identification as myelinated axons that formed neuromatous bundles (Fig. 4 K) . Probst bundles were also characterized by staining for GFAP. GFAP-positive astrocytes are normally distributed randomly throughout the corpus callosum (LaMantia and Rakic, 1990) , and they are present in Probst bundles of acallosal mice (Smith et al., 1986) . Mediumsized GFAP-positive cells with a stellate morphology typical of astrocytes were observed throughout the presumptive Probst bundles of the L1-minus mouse brain (Fig. 4 L) . These results suggest that L1 has a normal function in guidance of callosal axons across the midline rather than permissive axon outgrowth. It should be noted that similar results on L1 expression in the hippocampus, cerebral cortex, and corpus callosum were obtained with monoclonal antibodies against L1 (antibody 324; Boehringer Mannheim). In addition, no staining of brain sections from postnatal day 1 or adult L1-minus mice was observed by immunoperoxidase staining with the polyclonal L1 antibody 6096.
L1 is localized preferentially in axons in the mature hippocampus (Persohn and Schachner, 1990) and cerebellum (Persohn and Schachner, 1987) , but its subcellular localization in cortical neurons during development is not clear. To examine this in the developing cerebral cortex, we performed double immunofluorescence staining for L1 (fluorescein) and MAP2 (rhodamine), a neuron-specific protein enriched in neuronal dendrites and somata (Matus, 1988) , using sections of embryonic day 18 visual cortex. By confocal microscopy, coincident labeling of L1 and MAP2 ( yellow color overlay) was observed in the marginal zone and cortical plate (Fig. 4 M) . Figure 4 N shows differential interference microscopy of the same field. Coincident staining of L1 and MAP2 in the cortical plate appeared to be present in processes oriented perpendicular to the pial surface (arrows) and in a number of cell bodies. This suggests that L1 might be localized either in apical dendrites of cortical neurons or in cortical axons in close apposition to or direct contact with apical dendrites. Radial glia have been shown previously to be L1 negative (Fushiki and Schachner, 1986) . A small amount of fluorescein staining alone may correspond to L1 in axons, whereas rhodamine staining alone surrounded a smaller proportion of cell bodies. Nonimmune IgG controls were negative (Fig. 4O) . The polyclonal L1 antibody used (6096) did not produce any immunofluorescence staining of the visual cortex of L1-minus mice monitored by confocal microscopy (data not shown). These results suggest that L1 may be present in apical dendrites of developing cortical neurons in addition to its localization in axons of mature neurons.
DISCUSSION
New findings concerning the phenotype of L1-minus mice reported here are its abnormal dendritic architecture, decreased numbers of hippocampal neurons, and dysgenesis of the corpus callosum. These features suggest new aspects of L1 function in neural development, and together with the previously described dilation of the ventricular system, they underscore the potential for the L1 knockout as a mouse model for human CRASH syndrome.
The presence of undulating apical dendrites of layer V pyramidal neurons in sensory cortical regions of L1 mutant mice suggests a role for L1 in dendritic morphogenesis. Apical dendrites of pyramidal neurons in prenatal development contact elements of the marginal zone, including Cajal-Retzius cells, corticopetal and Martinotti cell axons, and elaborate apical tufts in this region (Marin-Padilla, 1992) . Binding between apical dendrites and one or more of these components could be mediated by homophilic or heterophilic L1 binding, because L1 is present on neuronal processes in the marginal zone, is expressed by Cajal-Retzius cells (Fushiki and Schachner, 1986) , and might be present on apical dendrites. If critical adhesive interactions between these components do not occur in the L1 mutant, den- dritic growth cones might lose attachment to layer I, fail to develop apical tufts, and wander, resulting in undulation, because differentiating neurons displace the cell bodies of pyramidal neurons to lower layers during cortical lamination. Such a mechanism is consistent with the demonstrated neurite growth-promoting ability of L1 (Lagenaur and Lemmon, 1987 ; for review, see Kamiguchi et al., 1998) . Dendritic maturation (but not the vertical orientation and general dendritic tree) is also modulated by neuronal activity (Valverde, 1968; Harris and Woolsey, 1981; Katz and Constantine-Paton, 1988; Katz et al., 1989; Bailey and Kandel, 1993) . L1 could contribute indirectly to activity-dependent dendritic differentiation through effects on axon fasciculation or initial target recognition required for synapse formation. Because neurotrophins also stimulate dendritic growth and remodeling (McCallister et al., 1996 (McCallister et al., , 1997 , L1 signaling might integrate with the pathways stimulated by neurotrophin receptors of the Trk family as well as with electrical activity to regulate dendritic development coordinately. In support of this notion, L1 signaling activates the M AP kinase cascade culminating in phosphorylation of the transcription factor cAM P-response element binding protein (CREB) (Schmid et al., 1999) , a pathway shared by all three Trk receptors (Ginty et al., 1993; Ghosh et al., 1994) . These new findings suggest that L1, and possibly other cell adhesion molecules (CAMs) such as neural CAM (NrCAM) and their signaling components, may be critical determinants in the poorly understood mechanism of cortical dendrite differentiation, a hypothesis that can be tested using genetic knockout mice.
The decrease in hippocampal neuronal number in the L1 knockout mouse may result from defects in cell proliferation, migration /synaptogenesis, or survival. L1 has been shown to function as a survival factor for dopaminergic neurons in culture (Hulley et al., 1998) . However, the lack of increased death of granule cells in the dentate gyrus of early postnatal L1-minus mice suggests that L1 does not participate in the major period of granule cell neurogenesis, migration, or death (Gould et al., 1991) . The major period of synaptogenesis in the dentate gyrus also occurs in the first 2 postnatal weeks (L oy et al., 1977) , but because cell death did not increase in granule, pyramidal, or septal cells during this time, it is unlikely that survival mechanisms dependent on synaptogenesis failed at this stage of development. Nonetheless, L1 might contribute to mechanisms of granule cell birth or activity-dependent cell survival at later stages of development, because granule cell neurogenesis and cell death continue at reduced rates from the second postnatal week well into adulthood (Gould et al., 1991) . A decrease in hippocampal neurons could be difficult to detect if it occurred throughout the postnatal to adult period.
The regular spacing of radial glia in the secondary proliferative zone of the hilus indicates that glial proliferation may be regulated coordinately with the number of neurons (Rickmann et al., 1987) . Coordinate regulation might explain the proportionate decrease in glia in the L1-minus hippocampus. The reduced number of hippocampal neurons could contribute to the spatial learning deficits of L1 mutant mice (Fransen et al., 1998) . Although most studies support a view that LTP in the hippocampal CA1 region underlies spatial learning (Chen and Tonegawa, 1997) , we did not detect alterations in LTP at the CA1 synapse in hippocampal slice preparations from L1-minus mice (J. Kauer and P. F. Maness, unpublished observations).
Two mechanisms could explain the impaired ability of callosal axons to cross the midline in the L1 mutant brain. L1, which is present on migratory callosal axons, may act as a cue to direct growth cones to cross the midline, analogous to its ability to stimulate the growth of neurites in culture (Ignelzi et al., 1994) . Growth cones of callosal axons bear a complex morphology typical of those at choice points because they interdigitate among opposing axons and astroglia without forming specialized contacts or fasciculating in a topographic order (Norris and Kalil, 1990) . Midline pathfinding errors attributable to loss of L1 have been shown for the decussation of axons in the corticospinal tract of L1-minus mice (Cohen et al., 1997) , and closely related Nr-CAM is needed for commissural axon trajectory across the chick spinal cord floorplate (Stoekli and Landmesser, 1995) . However, in caudal regions of the corpus callosum, L1-related defects in the closing of the longitudinal fissure may create a physical barrier to axon crossing. Certain "acallosal" substrains of inbred mice, including 129/J and 129/ReJ, display partial or complete absence of the corpus callosum (Lipp and Wahlsten, 1992; Livy and Wahlsten, 1997) , the frequency of which can be influenced by maternal environment and rearing conditions (Wahlsten, 1982) . Defects in these mice are multigenic (Wahlsten, 1989) and have been attributed to delayed formation of the hippocampal commissure and abnormal closure of the longitudinal fissure (Valentino and Jones, 1982) . In some strains, retarded growth of the septum contributes to the abnormality, but this is not a defect found in the 129 strain of mice (Wahlsten and Bulman-Fleming, 1994) . In contrast, the 129/SvJae substrain used in our studies always displayed an intact corpus callosum of normal size without Probst bundles and a well formed septum; thus the defects observed in the L1 knockout mice appeared to be specific consequences of the loss of L1. However, these studies illustrate that abnormalities of the longitudinal fissure and septum can contribute to callosal agenesis.
The enlarged ventricular system in the L1 knockout mice studied here was in agreement with a magnetic resonance imaging study of L1 null mice (Fransen et al., 1998) . Both studies showed ventricular enlargement; however, enlargement of only the lateral and fourth ventricles (but not the third ventricle) and an altered shape but not size of the aqueduct were reported in the 
